Optical Solar Reflectors are devices that combine high reflection for visible wavelengths with a strong emissivity in the infrared. Compared to the conventional rigid quartz tiles used on spacecraft since the 1960s, thin-film solutions can offer a significant advantage in weight, assembly and launch costs. Here, we present a metasurface based approach using an Al-doped * To whom correspondence should be addressed † Electronics ‡ Physics ¶ CREO § NILT 1 ZnO (AZO) transparent conducting oxide as infrared plasmonic material. The AZO is patterned into a metasurface to achieve broad plasmonic resonances with enhanced absorption of electromagnetic radiation in the thermal infrared. In the visible range, the transparent conducting oxide provides low losses for solar radiation, while intrinsic absorption losses in the ultraviolet range are effectively suppressed using a multilayer reflecting coating. The addition of high-emissivity layers to the stack eventually results in comparable emissivity values to the thin plasmonic device, thus defining a window of opportunity for plasmonic absorption as a design strategy for ultrathin devices. The optimized experimental structure achieves solar absorptance (α) of 0.16 and thermal emissivity (ε) of 0.79. Our first prototype demonstrator paves the way for further improvement and large-area fabrication of metasurface solar reflectors, and ultimately their application in space missions.
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Meta-surface, TCOs, plasmonics, radiative cooling, metamaterial perfect absorber Optical Solar Reflectors (OSR) play a crucial role in the thermal control of a spacecraft, since they constitute the physical interface between the thermal management system and the space environment. Glued to the external skin of the radiator panels, OSRs are designed to reflect the solar radiation and radiatively dissipate the heat that is generated on board. Conventional OSRs consist of small quartz tiles, which are metallized on the radiator-facing surface. Optically, an OSR is a spectrally selective filter, that reflects the ultraviolet (UV), visible (VIS) and near infrared (NIR) parts of the optical spectrum which correspond to the radiation spectrum of the sun. At the same time, an OSR emits the thermal infrared spectrum corresponding to that of a black body at 300 K.
The performance of an OSR is characterized by the two thermo-optical parameters α (solar absorptance) and ε (infrared emissivity), where α is required to be low and ε to be high. Both α and ε must endure the harsh space environment and remain constant across the life-cycle of the spacecraft (typically 15 years for a telecommunications satellite).
In conventional quartz tile OSRs, the quartz absorbs and emits the thermal infrared spectrum, while the metal backreflector reflects the solar radiation. Quartz tiles have excellent thermo-optical properties, that remain unaltered after long exposure to the space environment. However, quartz tiles are prone to break while handling and cannot be applied to curved or bendable radiator panels.
Additionally, quartz tiles add a significant amount of weight to the structure, thereby increasing satellite launch costs. An alternative to quartz tiles are Ag-FEP-foils, where the quartz tile is replaced by a flexible foil of fluoro-ethylene polymer (FEP) as infrared emitter. The foils provide flexibility and can be supplied with integrated adhesives. However, Ag-FEP-foils lack the thermooptical performance and durability of quartz OSRs. Extended exposure to UV radiation and to reactive species such as atomic oxygen makes the foil become brittle and opaque. In general, the rapid ageing of its thermo-optical, mechanical, and electrical properties makes the Ag-FEP-foil unfit for missions in space lasting more than 3-5 years. The assembly and launch costs of OSRs amount to several tens of thousand US dollars per m 2 , therefore there is a considerable opportunity for alternative high-tech solutions.
Here, we present a new metamaterial-based strategy for the optical solar reflector (meta-OSR) used in spacecrafts. Metamaterials represent a class of man-made materials that are designed to achieve properties that cannot be easily obtained using conventional materials. Metamaterials and metasurfaces are finding increasing application in ultrathin flat lenses, polarization control, spatial light modulators, spectral filters, infrared sensing and spectroscopy, and blackbody thermal emitters. 1,2 Metamaterials can be used to design perfect absorbers that have close to unit absorbance in a resonant spectral band. 3 Such metamaterial perfect absorber designs have been used to convert blackbody emission into a narrowband spectral band, of interest e.g. for thermo-photovoltaics.
For the OSR application a different design approach is needed as high emissivity over a large spectral bandwidth is required. Broadband metamaterials have been under consideration for application in solar energy harvesting in the visible range. Solutions have been proposed based on multiple narrowband resonators, 4 trapezoidal structures, 5 tapered plasmonic structures like nanocrescents 6 and transformation-optics designs. 7 In addition, material losses form a powerful tool for increasing spectral bandwidth without the need for multiple resonator structures. Metamaterials based on lossy metals such as tungsten have been proposed for achieving high solar absorption with low room temperature emissivity for use in solar thermal energy harvesting. 8 Transparent conducting oxides (TCOs) are another class of materials with relatively high losses which can produce broad optical resonances in the thermal infrared. 9 While these losses limit conventional metamaterial applications, 10 they provide opportunities for designing broadband OSRs covering the thermal infrared, as is demonstrated in this work.
Next to designing the infrared response, an equally important challenge is to obtain high reflectivity in the UV-visible range (low α). The combination of a high infrared emissivity with low absorption of the solar spectrum poses strong limitations on the materials and designs that can be used. Most conventional metasurfaces exhibit higher-order resonances and radiation trapping through diffraction and Wood's anomalies of the array, 11, 12 that can significantly reduce the solar reflectance. The particular material characteristics of TCOs allow to achieve a metasurface design with low solar absorptance. [13] [14] [15] [16] [17] By optimizing the free-carrier density, TCOs are used that exhibit a dielectric response in the visible and metallic response in the infrared spectral range. 18, 19 For our device, we use Al-doped ZnO (AZO) which has the advantage of being able to be deposited via atomic layer deposition (ALD), offering highly reproducible material properties and thickness control on the nanometer level. [20] [21] [22] [23] [24] [25] [26] We present the design of the meta-OSR and discuss experimental results showing a broadband absorption enhancement in the thermal infrared compared to a planar thin film design. The enhancement at a reduced AZO coverage is explained by plasmonic effects in the array of AZO metasurface elements. The unique combination of infrared plasmonics and high visible transparency of TCOs offer a solution as it allows to achieve an infrared active metasurface with only minor influence on the solar spectrum absorption. Overall, the design with inorganic and robust oxide materials results in an ultra-thin metamaterial technology that combines favourable optical performance with good mechanical and resilient properties for applications in spacecraft.
Meta-OSR design
Due to the mixed electric and magnetic nature of radiation, a single electrical resonator much thinner than the wavelength can only absorb up to 50% of the energy of incident radiation. Initial work in the microwave domain by Smith, Padilla and co-workers showed that 100% absorption could be achieved using a combination of electric and magnetic resonators. 27 However, such a design requires careful balancing of reflection and transmission components and a complete cancellation in the far field to achieve perfect absorption. A significant simplification of the design is achieved by placing the resonator close to a metal plane. In this case, the transmission fields are zero and only reflective components need to be considered. Perfect absorption is obtained in a configuration, known as the Salisbury screen, where the metamaterial is positioned at a quarter wavelength distance from the plane. 3, 28 Other conditions of perfect absorption can be found for thin spacers where image currents produce an effective magnetic interaction. 29 The proposed structure is a traditional Salisbury screen consisting of a stack of three layers:
the metal back reflector, the dielectric spacer layer and the TCO metasurface. The schematic of the structure is shown in Figure 1a . A square metasurface geometry was chosen based on previous experience with TCO nanoantennas where interaction strength was found to benefit from a high fill factor. 9, 16 The back reflector can be made of Ag or Al, both of which are good reflectors in the visible and infrared spectral range. While Ag has the higher average reflectivity in the visible spectrum, it has a band gap at around 350 nm wavelength, thereby increasing absorption in the ultraviolet. Al on the other hand has a lower average reflectivity and weak bandgap absorption at 800 nm. The use of Ag was discarded in our experimental design for reasons of poor adhesion and its sensitivity to oxidation.
The spacer layer of the structure is designed to create constructive interference of the incoming and the reflected radiation at the position of the AZO metasurface. This works similar to a λ/4-spacer, however due to the strong dispersion of common dielectrics in the infrared and the coupling of the metasurface to induced image charges, the optimum spacer thickness needs to be optimized for each specific design. The permittivity of the spacer material is another important parameter as it allows some freedom in the design of this interference condition through dispersion, which however has to be balanced against phonon reflection (reststrahlen) bands lowering ε.
Infrared transparent materials like fluorides are of interest for their complete lack of phonon bands in the thermal infrared. However fabrication is substantially more complicated and these materials are generally less robust than oxides. In this project we have chosen SiO 2 for its good material properties and its particular dispersion of the dielectric function around the thermal infrared.
The choice of the plasmonic material for the metasurface is critical for the device performance.
We make use of Al-doped ZnO (AZO), which is a transparent conducting oxide whose optical properties can be tuned by the carrier concentration. The optical permittivity can be described using a Drude-Lorentz model. 30, 31 The combined effect of dielectric spacer and meta-OSR design results in a broad absorption spectrum which can be further optimized by tuning the parameters of the AZO carrier density, spacer thickness and feature size (see Supporting Information). A good compromise between infrared plasmonic response and transparency in the optical solar spectrum is obtained for a carrier density around 2 × 10 20 cm −3 .
To illustrate the principle of the design, we compare in Figure 1b the absorption of the meta-OSR design (red curve) with that of the bare AZO metasurface suspended in air (black curve).
For the AZO square metasurface in air, we can clearly identify the resonance shape of an antenna mode with peak absorption of up to 50%. Such resonances were observed in earlier studies on TCO antennas on CaF 2 substrates 9,16 and correspond to a plasmonic nature of the optical response.
Clearly, the bare AZO metasurface does not provide a sufficiently strong and broadband absorption for the meta-OSR application. The absorption spectrum of the full meta-OSR design (red curve) shows a much higher absorption over a broader bandwidth. The meta-OSR design benefits from an enhanced absorption through fields reflected by the back-reflector, as well as in increased bandwidth due to effects of optical dispersion provided by the SiO 2 32 (see Supporting Information Section S1 for a more technical discussion about this design). The individual contributions of absorption in the AZO metasurface and the SiO 2 spacer are given by the green and cyan curves.
Around the sharp infrared vibrational transitions, the AZO and SiO 2 form a hybrid system and en-ergy dissipation is distributed between the two parts of the system. Absorption inside the Al back reflector (not shown) contributes to less than 2% in the infrared spectral range. Simulations against angle (see Supporting Information Figure S5 ) show an increase of the long-wavelength emissivity mainly due to longer path lengths in the spacer, which is of benefit for the total performance of the meta-OSR.
The role of AZO carrier density on the resonance profile and resulting value for emissivity ε is presented in Figure 1c ,d. We see that increasing the carrier density from 1 × 10 20 cm −3 to 4×10 20 cm −3 results in changes in the absorption spectrum. For low carrier density, the absorption does not reach a sufficiently high value. For high carrier density, the resonance of the metasurface shifts toward shorter wavelength. In the plot of emissivity versus carrier density, we see that an optimum is achieved for this geometry for a carrier density around 2 × 10 20 cm −3 . This optimum is confirmed by more extensive numerical studies presented in the Supporting Information Figure   S4 .
Results and discussion
Meta-OSR devices were fabricated following the procedure described in the Experimental section. For the meta-OSR devices we used the optimized Al-cycle ratio of around 3.5%. Experimental spectra for fabricated meta-OSRs are shown in Figure 3a We find values of α around 0.2 for all devices under study. As a figure of merit, the ratio of ε/α is of interest as it characterizes the radiative emission over solar absorption capacity of the device.
Resulting values of ε/α for our fabricated structure are shown in Figure 3d In order to relate the increase in absorption to plasmonic effects in the AZO-metasurface, we investigate the near-field maps in different parts of the spectrum. Figure 4a shows the experimental infrared spectra for the meta-OSRs with 250 gap (solid lines) and for the planar thin-film device (dashed line). The shaded area represents the increased absorption of the meta-OSR compared to the planar thin-film structure. substrate. We can clearly identify different amounts of absorption inside the AZO, with a profile related to the internal fields inside the particle. At 16 µm wavelength, we see absorption in the SiO 2 substrate directly around the nanoparticle through a mechanism of surface enhanced infrared absorption (SEIRA). 9 The contribution of SEIRA to the overall absorption is a small effect as the volume of the local hotspots is small compared to the total volume of the OSR.
Reported values of ε > 0.7 and α < 0.2 are promising, however further improvement of these parameters is highly desirable to reach a competitive technology able to replace existing planar OSR devices. In particular, further suppression of UV-visible losses requires a design modification in order to address the intrinsic UV absorption of the AZO metasurface. A further improvement of the meta-OSR performance can be achieved through application of a multilayer UV-reflector (UVR) coating of sub-micrometer thickness. The UVR was designed to consist of 17 layers of respectively SiO 2 and Ta 2 O 5 with a total thickness of 821 nm. This UVR is sufficiently thin to maintain the essential mechanical characteristics of the ultra-thin meta-OSR design. Figure 5a shows the full spectra for the planar thin-film structure both without (black line) and with (red line) the UVR coating. In agreement with the design, the UVR results in a complete suppression of the AZO losses below 400 nm wavelength. Emissivity was characterized using micro-FTIR for all meta-OSRs under study. The additional increase of the infrared emissivity provided by the UVR coating is a result of simply adding more materials with a high thermal emittance to the stack. Eventually both plasmonic effects and increasing emitter thickness will approach the limit of maximum emissivity, and the additional benefit of plasmonic enhancement is reduced for very thick layers. Already, the planar thin-film OSR shows an increase of ε of up to 0.75 due to the addition of the high-emissivity UVR coating. Our results thus define a window of opportunity for plasmonic enhancement as a strategy in ultrathin OSRs. Further improvement of ε above 0.8 is increasingly difficult to achieve using our current design, mainly due to the dispersion of the permittivity of the SiO 2 spacer. Current studies are guided by practical considerations related to manufacturability of the devices and have not exhausted all possible designs and materials. Further optimization of designs based on this principle appear possible.
As a next step, scaling up of the concepts to larger areas will be an important milestone toward applications. Scalable and cost-effective fabrication will benefit from techniques such as nanoimprint lithography 35 and, for example, replacement of ALD with sputtering, which is a topic of ongoing study. Critical are the durability of materials and the device integrity over the lifetime of the mission. 36 While the prototype stacks in this study have shown excellent mechanical adhesion, future studies on large area and flexible devices will involve a series of tests and qualification of the devices for space applications including mechanical, thermal, UV and radiation resistance.
Atomic oxygen (AO) is one of the predominant species affecting material lifetime in low earth orbit spacecraft. 37 Experimental studies indicate that the penetration of AO into TCOs is several hundred nm, 38 which can be mitigated using a thin cladding or UV reflector top coating. Our design furthermore has a tolerance in carrier density of between 1.5 − 4 × 10 20 cm −3 , therefore design of a slightly higher doping level at the beginning-of-life may allow for a gradual degradation of carrier density over the life-cycle.
Next to applications in space, radiative cooling could have potential for terrestrial applications. 39, 40 Current designs have not been optimized to avoid atmospheric absorption lines which is a necessary requirement for decoupling from the atmospheric bath and direct cooling to the outer space background. Terrestrial applications benefit from a reduced UV component in the solar spec-trum, alleviating the need for UV reflecting coatings. Cost-effectiveness, durability, and scalability of the technology will pose a different set of design criteria for terrestrial applications than for the space environment, which could be explored in future work.
Conclusions
We have demonstrated an optical solar reflector based on a metasurface design that reflects solar irradiation and strongly emits heat at room temperature. The use of a transparent conducting oxide allows us to achieve a plasmonic response in the thermal infrared with good transparency in the visible spectral range. The metasurface concept using metal oxides forms a feasible strategy to improve emissivity of thin-film coatings over a broad bandwidth. We experimentally achieve a 10% broadband increase of radiation efficiency of a metasurface thermal emitter compared to an Optical characterization. To measure the emissivity of the patterned and unpatterned thin film structures, infrared reflectance was measured over the range of 2.5 µm -25µm using an FTIR microscope with a numerical aperture of 0.2 (Thermo-Nicolet Nexus 670, Continuum microscope).
A 80 nm aluminum coated SiO 2 /Si substrate was used as reference. Solar absorptance of large-area samples was obtained by measuring the VIS/NIR reflectance using a commercial total reflection spectrophotometer (Bentham PVE300) over a range from 300 nm -2.5 µm. For the small-area meta-OSR devices we developed a total reflection microscope using a 4-inch integrating sphere (Bentham), a supercontinuum light source and spectroscopic detection spanning a wavelength range of 0.45 µm to 2 µm. For total reflectance measurements, a BaO 2 white reference was used.
Numerical modelling. For numerical simulations of meta-OSRs we used both finite element (COMSOL 5.3) and finite-difference time domain (FDTD, Lumerical) modelling. Lumerical FDTD was used to simulate the broadband spectra, making use of the benefits of the short pulse to achieve a large spectral bandwidth. To improve spectral resolution, the simulation was divided in up to four different spectral regions from 0.2-2.0 µm, 2-5 µm, 5-15 µm and 15-30 µm. For the detailed near-field maps, we used COMSOL finite element modelling, which was confirmed to
give identical results to the FDTD in the infrared spectral range. AZO antennas were modelled as squares with rounded top edges using a radius of curvature of 20 nm. 
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